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Dopamine inhibits renal Na1:HCO32 cotransporter in rabbits and intrarenal regulator of sodium excretion [1, 2]. Proximal
normotensive rats but not in spontaneously hypertensive rats. convoluted tubules are known to contain high concentra-
Background. Dopamine (DA) is thought to regulate renal tions of aromatic acid decarboxylase, the enzyme thatproximal transport through the inhibition of the Na1,K1-ATPase
converts l-dopa to DA [3–5]. The presence of DA1 recep-and/or Na1/H1 exchanger. Defects in this dopaminergic system
tor coupled to the stimulation of adenylate cyclase isare proposed to be a pathogenic factor of genetic hypertension.
However, microperfusion studies have not consistently con- also confirmed in proximal tubules [6–8]. In the sponta-
firmed direct tubular effects of DA. neously hypertensive rat (SHR), abnormalities in this
Methods. Isolated proximal straight tubules were perfused
renal dopaminergic system have been proposed to beperitubularly with Dulbecco’s modified Eagle’s tissue culture
an important pathogenic factor in the development ofmedium (DMEM) containing norepinephrine (NE) to improve
incubation conditions. Intracellular Na1 concentrations ([Na1]i) hypertension [2, 9]. Thus, a natriuretic response to DA
and cell pH (pHi) were measured with fluorescence probes. and DA1 agonists is blunted in SHR than in its normoten-
Results. When incubated in DMEM plus NE, DA increased sive control, the Wistar-Kyoto rat (WKY) [10]. This phe-[Na1]i in rabbit tubules. Inhibition of Na1,K1-ATPase could
nomenon has been attributed, at least in part, to thenot explain this response, as it was not suppressed by ouabain.
impaired ability of DA to stimulate adenylate cyclaseAn analysis of pHi responses to bath HCO32 reduction revealed
that DA, SKF 38393 (a DA1 agonist), and adenosine 39,59-cyclic activity in the proximal tubules of SHR [11].
monophosphate (cAMP) inhibited the basolateral Na1:HCO32 Dopamine has been thought to regulate renal proxi-
cotransporter in rabbit and Wistar-Kyoto rat (WKY), if its trans-
mal transport through the inhibition of Na1,K1-ATPaseport stoichiometry was converted to 3 HCO32:1 Na1 by DMEM
and/or Na1/H1 exchanger [12–16]. However, the micro-plus NE incubation. The inhibitory effect of DA was abolished
by SCH 23390, a DA1 antagonist, but not by (2)-sulpiride, a perfusion studies on isolated proximal tubules have not
DA2 antagonist. In spontaneously hypertensive rats (SHRs), consistently confirmed a direct tubular effect of DA [17,
however, DA and SKF 38393 failed to inhibit the cotransporter, 18], and the recent report suggests that DA can inhibitalthough the inhibitory effects of cAMP and parathyroid hor-
proximal transport only in the presence of norepineph-mone were comparable to those in WKY.
rine (NE) [19]. Although the reason for these discrepantConclusion. These results indicate that DA inhibits the
Na1:HCO32 cotransporter in renal proximal tubules and also results is not apparent, it has been known that isolated
suggest that dysregulation of the cotransporter, possibly proximal tubules, if kept under the conventional in vitrothrough the defect in DA1 receptor signaling, could play an conditions, do not function exactly as in vivo: They showimportant role in development of hypertension in SHRs.
higher intracellular Na1 concentrations ([Na1]i) and
lower cell membrane potentials than in vivo [20–23]. It
has been also shown that the basolateral Na1:HCO32Several lines of evidence have suggested that dopa-
cotransporter operates with an overall coupling stoichi-mine (DA) produced by renal proximal tubules is an
ometry of 2 HCO32:1 Na1 in rabbit tubules in vitro [21],
but with 3 HCO32:1 Na1 in rat tubules in vivo [24].Key words: proximal tubules, intracellular Na1, cell pH, DA1 receptor,
genetic hypertension. Mu¨ller-Berger et al have recently shown that these and
other in vitro functional defects can be largely correctedReceived for publication June 9, 1999
by improving the incubation conditions with metabolicand in revised form September 1, 1999
Accepted for publication September 9, 1999 supply and stimulation by NE [25, 26]. The latter situa-
tion would be highly preferable when the regulatoryÓ 2000 by the International Society of Nephrology
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mechanism of proximal transport by DA was to be clari- modified Eagle’s tissue culture medium (DMEM) was
dissolved in water and 26 mmol/L NaHCO3 or 13 mmol/Lfied. By measuring [Na1]i and cell pH (pHi) with mi-
crofluorimetric techniques, we therefore first investi- NaHCO3 plus 13 mmol/L NaCl was added. For the exper-
iments in the absence of CO2/HCO32, 4-(2-hydroxyethyl)-gated the effect of DA in isolated rabbit proximal
straight tubules (PSTs) under the improved metabolic 1-piperazineethanesulfonic acid (HEPES)-buffered Ringer
and HEPES-buffered DMEM solutions were used. Theseand stimulatory incubation conditions. We next exam-
ined whether isolated PST from WKY and SHR respond solutions contained 25 mmol/L HEPES instead of HCO32,
and their pH was adjusted to 7.4 by 1 N NaOH and wereto DA differently under the improved conditions. Our
results, to our knowledge for the first time, revealed that equilibrated with 100% O2 gas. When NE, DA, or SKF
38393 were to be used, ascorbic acid was added to preventDA inhibited the activity of Na1:HCO32 cotransporter
in rabbit and WKY, if the cotransporter operated with oxidation. In these experiments, ascorbic acid (100 mg/L)
was added to both control and experimental solutions.the 3 HCO32:1 Na1 stoichiometry. This inhibitory effect
was, however, lost in SHRs probably because of the
Measurements of [Na1]idefect in DA1 receptor-adenylate cyclase coupling sys-
tem in this strain. [Na1]i was measured in rabbit PSTs with a Na1-sensi-
tive fluorescence dye, sodium-binding benzofuran iso-
phthalate (SBFI). After autofluorescence was measured,
METHODS
the tubule was loaded with the aectoxymethyl ester
Tissue preparation (AM) form of SBFI in the nonflowing chamber for 30
to 45 minutes at room temperature. SBFI-AM was dis-Proximal tubules were isolated from female New
Zealand white rabbits (1.5 , 2.5 kg body wt) as pre- solved in dimethyl sulfoxide at a concentration of 5
mmol/L, mixed with an equal volume of 12% wt/volviously reported [27]. In brief, the thin sections from
the left kidney were obtained after the animals were Pluronic F-127 and was added to HEPES-buffered
Ringer solution at a final concentration of 30 mmol/L.sacrificed. They were stored in ice-cold Ringer solution,
and PSTs (S2 segment) were microdissected manually After the incubation period, the tubule was perfused
peritubularly with the prewarmed experimental solutionwithout collagenase treatment. The isolation procedure
of rat PSTs was essentially identical with that of rabbit for 15 minutes, and [Na1]i was measured by a micro-
scopic fluorescence photometry system (OSP-10; Olym-PSTs. Because pilot experiments revealed that microdis-
section of rat PSTs without collagenase became increas- pus). The intracellular dye was alternately excited at two
wavelengths (340 and 380 nm) by spinning a filter wheelingly difficult from rats beyond six week of age, this study
was performed on male WKY and SHRs at five weeks (at 250 Hz), and emission was measured at 510 nm. At
the end of each experiment, a calibration curve for [Na1]iof age. SHRs at this age have been shown to be in
the developing stage of hypertension [28]. The tubule was made using HEPES-buffered solutions containing
10 mmol/L gramicidin D and various concentrations offragments were transferred to a perfusion chamber
mounted on an inverted microscopy (IMT-2; Olympus, Na1 (0 to 144 mmol/L), as reported by Harootunian et
al [30]. When DMEM solutions were used as perfusate,Tokyo, Japan), and the chamber was perfused with the
prewarmed (388C) experimental solutions at a rate of their autofluorescence was appropriately subtracted
from the raw data.approximately 10 mL/min. A rotary valve was used to
achieve a rapid exchange (within 1 s) of the bath solu-
Measurements of pHitions, as previously reported [21]. To avoid the influence
from the apical transport process, lumen-collapsed tu- A pH-sensitive fluorescence dye, 29,79-bis(carboxy-
ethyl)-5(6)-carboxyfluorescein (BCECF), was used tobules were used in most of the experiments as previously
reported [27]. Both ends of tubules were sucked into measure pHi, as previously reported [27]. In brief, after
autofluorescence measurements, the tubule was loadedtwo holding pipettes, and the tubules were perfused only
peritubularly. In some tubules, however, lumen was also with BCECF-AM in the nonflowing bath for approxi-
mately five minutes at room temperature. BCECF-AMperfused as originally described by Burg et al [29]. The
control bath perfusate was standard HCO32 Ringer solu- from a stock solution (1 mmol/L in dimethyl sulfoxide)
was added to the incubation solution at a final concentra-tion containing (in mmol/L) Na1 144, K1 5, Ca21 1.5,
Mg21 1, Cl2 125, HCO32 25, H2PO42 2, SO422 1 and tion of approximately 15 mmol/L. After the loading pe-
riod, the tubule was perfused with the experimental solu-d-glucose 5.5. It was equilibrated with 5% CO2/95% O2
gas. For bath perfusion with reduced HCO32 concentra- tion for 15 minutes, and pHi was measured with the
photometry system (OSP-10). The intracellular dye wastion, 12.5 mmol/L of NaHCO3 was replaced by NaCl.
Cl2-free HCO32 solution was prepared by replacing Cl2 excited alternately at two wavelengths (440 and 490 nm),
and emission was measured at a wave length of 530 nm.in standard HCO32 solution with gluconate, and 1.5 CaCl2
was also replaced with 5.0 Ca(gluconate)2. Dulbecco’s To convert 490 to 440 nm ratios to pHi, calibration studies
Kunimi et al: DA and Na1:HCO32 cotransporter536
were performed using HEPES-buffered solutions (pH
of 6.6 to 7.6) containing 10 mmol/L nigericin and 105
mmol/L K1, as reported by Thomas et al [31], and cali-
bration curves were separately constructed for rabbit,
WKY, and SHRs. The intracellular buffer capacity was
determined from changes in pHi in response to sudden
changes of bath CO2 tension. For this purpose, 2.5%
CO2/97.5% O2 gas was used in addition to 5% CO2/95%
O2 gas, as previously reported [27].
Materials and statistics
Sodium-binding benzofuran isophthalate-AM and
BCECF-AM were obtained from Dojindo Chemical
(Kumamoto, Japan), H-89 was from Seikagaku Corpora-
tion (Tokyo, Japan), and DMEM was from Nissui
(Tokyo, Japan). Gramicidin D, nigericin, SKF 38393,
SCH 23390 (2)-sulpiride, 8-(4-chlorophenylthio)-aden-
Fig. 1. Effects of tubular incubation in DMEM plus norepinephrineosine 39,59-cyclic monophosphate (CPT-cAMP), amil-
(NE) on [Na1]i in the absence and presence of ouabain. Tubules wereoride, 4,49-diisothiocyanatostilbene-2,29-disulfonic acid first incubated in HCO32-Ringer (Ringer) and then incubated in DMEM
plus NE (DMEM 1 NE) for 15 minutes. Symbols are: (s) steady-state(DIDS), and rat parathyroid hormone (PTH, fragment
[Na1]i values in absence of ouabain (N 5 11); (d) those values in1-34) were from Sigma (St. Louis, MO, USA). All of
presence of 1 mmol/L ouabain (N 5 7). *P , 0.01 compared with
the other chemicals were from Wako (Osaka, Japan). Ringer.
The data were represented as mean values 6 sem. Sig-
nificant differences were determined by applying the
paired or unpaired Student t-test as appropriate.
RESULTS
Effects of dopamine on [Na1]i
Because the inhibition of Na1,K1-ATPase by DA is
expected to increase [Na1]i, we have first examined the
[Na1]i response to DA in isolated rabbit PSTs. In these
experiments, [Na1]i was determined with the Na-sensi- Fig. 2. Effects of dopamine (DA) on [Na1]i under different incubation
conditions. DA (100 mmol/L) was added to bath perfusate as indicatedtive fluorescence dye, SBFI, and luminally collapsed tu-
by arrows. (Left) A representative response in HCO32-Ringer. (Middle)bules were used to minimize the influence of luminal
A response in DMEM plus NE. (Right) A response in DMEM plus
transport process. Consistent with the previous reports NE containing 1 mmol/L ouabain.
[21, 22, 25], if tubules were incubated in control HCO32
Ringer containing glucose as the only substrate, [Na1]i
elevated to an average of 54.6 6 2.5 mmol/L (N 5 11).
iments in the presence of ouabain (1 mmol/L). However,As shown in Figure 1, however, after 15 minutes of incu-
the DA-induced [Na1]i increase in DMEM plus NE wasbation in DMEM plus NE (10 mmol/L), [Na1]i decreased
not suppressed but rather enhanced by ouabain (18.6 6to 19.5 6 3.4 mmol/L (N 5 11, P , 0.01), approaching
2.1 mmol/L, N 5 7, P , 0.01 compared with the responsethe values reported in rat tubules in vivo [20]. This de-
in absence of ouabain), indicating that the inhibition ofcrease in [Na1]i was mediated by the stimulation of Na1,
Na1,K1-ATPase could not explain the [Na1]i responseK1-ATPase, as reported by Mu¨ller-Berger et al because
to DA. DA did not change [Na1]i in presence of ouabainit was completely prevented by 1 mmol/L ouabain, as also
in HCO32 Ringer (N 5 7). When tubules were incubatedshown in Figure 1 [25]. Figure 2 shows the effects of DA
in DMEM alone or HCO32 Ringer plus NE, [Na1]i sig-on [Na1]i under the different incubation conditions. Bath
nificantly decreased to 28.8 6 3.4 mmol/L (N 5 5) andapplication of 100 mmol/L DA did not affect [Na1]i in
34.3 6 2.8 mmol/L (N 5 5), respectively. However, theHCO32 Ringer (0.6 6 1.8 mmol/L, N 5 7, P 5 NS).
addition of DA did not increase [Na1]i in these condi-By contrast, [Na1]i was significantly increased by DA in
tions. To investigate the origin of the [Na1]i response totubules incubated in DMEM plus NE, and the increase
DA, experiments were performed in absence of CO2/after two minutes of exposure to DA was 6.8 6 1.4 mmol/L
HCO32. [Na1]i averaged 55.5 6 1.9 mmol/L (N 5 8) in(N 5 7, P , 0.01). To test for the involvement of Na1,K1-
ATPase in this response, we performed the similar exper- HEPES-Ringer and decreased to 39.3 6 3.1 mmol/L
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Fig. 3. Effects of DA (100 mmol/L) on pHi under different incubation
conditions. DA was added to bath perfusate as indicated by arrows.
(Left) A representative response in HCO32-Ringer. (Middle) A re-
sponse in DMEM plus NE. Right: a response in DMEM plus NE
containing 1 mmol/L DIDS.
(N 5 8, P , 0.01) after 15 minutes of incubation in
HEPES-DMEM plus NE. However, DA did not affect
[Na1]i either in HEPES-Ringer (0.6 6 1.3 mmol/L, N 5
5, P 5 NS) or in HEPES-DMEM plus NE (0.8 6 1.5
mmol/L, N 5 8, P 5 NS). When tubules were incubated
first in DMEM plus NE for 15 minutes and thereafter
in HEPES-DMEM plus NE for 15 minutes, DA also did
not affect [Na1]i (N 5 5). Fig. 4. Effects of DA (100 mmol/L) on pHi responses to half reduction
of bath HCO32. Low HCO32 solution (indicated as Low) was applied
first in absence of DA (Cont), and next in the presence of DA (DA).Effect of dopamine on Na1:HCO32 cotransporter
(A) Representative traces in HCO32-Ringer. (B) Representative traces
Because the [Na1]i response to DA appeared to de- in DMEM plus NE.
pend on the presence of CO2/HCO32, we next examined
the effect of DA on pHi in luminally collapsed rabbit
PSTs. Although 100 mmol/L DA did not change pHi in
control HCO32-Ringer and were bathed in DMEM plustubules incubated in HCO32 Ringer (0.003 6 0.005 pH
NE, pHi was similarly increased by the bath addition ofunit, N 5 8, P 5 NS), a significant pHi increase was
100 mmol/L DA (0.064 6 0.010 pH unit, N 5 6, P ,detected in DMEM plus NE (0.052 6 0.004 pH unit after
0.01), as in luminally collapsed tubules. These resultsa 2-min exposure to DA, N 5 13, P , 0.01), as shown
suggest that DA acted on the basolateral Na1:HCO32in Figure 3. Because pHi of this segment is known to be
cotransporter in DMEM plus NE. To verify this hypothe-quite sensitive to the changes in the activity of
sis, we analyzed the activity of Na1:HCO32 cotransporterNa1:HCO32 cotransporter [27], we tested the effect of
by measuring the initial rates of pHi changes to suddenits inhibitor, DIDS, on the pHi response to DA in
reduction of bath HCO32 in absence and presence ofDMEM plus NE. As shown in Figure 3, the incubation
DA. The bath HCO32 concentration was repeatedly re-with 1 mmol/L DIDS for five minutes completely inhib-
duced by half, as previously reported [27], and time con-ited the pHi increase by DA (20.004 6 0.005 pH unit,
trol studies without DA confirmed that the rates of firstN 5 6, P 5 NS). On the other hand, DA similarly in-
and second responses were not different in both HCO32-creased pHi in DMEM plus NE containing 1 mmol/L
Ringer and DMEM plus NE. As depicted in Figure 4,amiloride, an inhibitor of Na1/H1 exchanger (0.048 6
the incubation with 100 mmol/L DA for three to five0.007 pH unit, N 5 6, P , 0.01). In DMEM plus NE,
minutes did not affect the rates of pHi changes in HCO32-pHi was increased by 10 mmol/L DA (0.050 6 0.008 pH
Ringer (1.22 6 0.1 vs. 1.21 6 0.08 pH unit/min, N 5 8,unit, N 5 5, P , 0.01), as well as by 1 mmol/L DA
P 5 NS). When tubules were incubated in DMEM alone(0.024 6 0.006 pH unit, N 5 5, P , 0.05), but was not
(N 5 6) or HCO32-Ringer plus NE (N 5 5), DA alsoincreased by 0.1 mmol/L DA (N 5 5). By contrast, 100
did not affect the rates of pHi changes. However, 100mmol/L DA did not change the pHi in tubules incubated
mmol/L DA did reduce the rates of pHi changes by 34.0 6in HCO32-Ringer plus NE (N 5 6) or in DMEM alone
1.5% (1.27 6 0.1 vs. 0.83 6 0.06 pH unit/min, N 5 9, P ,(N 5 6). DA also had no effect on pHi in tubules incu-
0.01) in DMEM plus NE. In DMEM plus NE 10 mmol/Lbated in HEPES-Ringer (N 5 6) or HEPES-DMEM
DA and 1 mmol/L DA reduced the rates of pHi changesplus NE (N 5 7). In separate tubules, the influence of
by 33.7 6 1.8% (N 5 6) and 17.4 6 2.6% (N 5 6),luminal perfusion on the DA-induced pHi response was
examined. When tubules were luminally perfused with respectively, whereas 0.1 mmol/L DA had no effect. The
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rates of pHi changes to bath HCO32 reduction were
similarly inhibited by 1 mmol/L DIDS in HCO32-Ringer
(86 6 6%, N 5 5) and in DMEM plus NE (84 6 8%,
N 5 5). In addition, DA did not change cell buffer capac-
ity in DMEM plus NE (71.9 6 2.9 vs. 72.2 6 3.7 mmol/
L/pH unit, N 5 8, P 5 NS). These results were consistent
with the view that DA inhibited the activity of
Na1:HCO32 cotransporter in DMEM plus NE.
On the other hand, the basolateral membranes of this
segment are known to possess Cl2-dependent HCO32
transporters [32], and DA might have also acted on these
transporters. To test for the Cl2 dependency of DA
effect on pHi, we used the memory effect of DMEM
plus NE, which has been shown to persist for at least
several minutes after the washout of this solution [25, 26].
The tubules were first incubated in DMEM plus NE for
20 minutes and were subsequently incubated in Cl2-free
HCO32 solution for three to five, and DA (100 mmol/L)
was applied. In these experiments, DA increased pHi
(0.051 6 0.003 pH unit, N 5 5, P , 0.01) similarly, as
in DMEM plus NE, indicating that the effect of DA on
pHi was not dependent on Cl2. When the tubules were
first incubated with HCO32-Ringer for 20 minutes in-
stead of DMEM plus NE, however, DA had no effect
on pHi in Cl2-free HCO32 solution (0.007 6 0.004 pH
unit, N 5 5, P 5 NS).
Second messenger of dopamine effect
Fig. 5. (A) Effects of CPTcAMP (200 mmol/L) on the rates of pHi
To investigate intracellular signaling pathways of the decrease (dpHi /dt) in response to bath HCO32 reduction. Bath HCO32
was repeatedly reduced in the absence (Cont) and presence ofDA action, we tested CPTcAMP and a DA1 agonist,
CPTcAMP (cAMP). dpHi/dt was determined from measurements takenSKF 38393. CPTcAMP (200 mmol/L) increased [Na1]i from 10 seconds after the solution change. Numbers of observations
(6.4 6 0.9 mmol/L, N 5 7, P , 0.01) in DMEM plus are six in HCO32-Ringer and seven in DMEM plus NE. *P , 0.01
compared with Controls. (B) Effects of SKF 38393 (SKF, 10 mmol/L)NE, but not in HCO32-Ringer (0.9 6 1.3, N 5 7, P 5
on dpHi/dt in response to bath HCO32 reduction. Numbers of observa-NS). CPTcAMP also had no effect on [Na1]i in HEPES- tions are six in both HCO32-Ringer and DMEM plus NE. *P , 0.01
Ringer (N 5 5) or in HEPES-DMEM plus NE (N 5 5). compared with Controls.
As summarized in Figure 5, CPTcAMP had no effect on
the rates of pHi changes to the bath HCO32 reduction
in HCO32-Ringer, but did reduce the rates of pHi
Ringer, DA did not affect the rates of pHi changes inchanges by 27 6 3% (N 5 7) in DMEM plus NE.
the presence of SCH 23390 or (2)-sulpiride. To furtherCPTcAMP increased pHi (0.040 6 0.003 pH unit, N 5
clarify the roles of cAMP in the DA action, we used7, P , 0.01) in DMEM plus NE, but did not affect pHi
H-89, an inhibitor of protein kinase A [34]. When tubulesin HCO32-Ringer. Similarly, SKF 38393 (10 mmol/L) did
were incubated for 15 minutes in DMEM plus NE con-not affect the rates of pHi changes in control HCO32-
taining 10 mmol/L H-89, 100 mmol/L DA failed to reduceRinger, but did reduce the rates of pHi changes in
the rates of pHi changes (1.14 6 0.04 vs. 1.13 6 0.03 pHDMEM plus NE by 25 6 4% (N 5 6). SKF 38393 also
unit/min, N 5 6, P 5 NS). These results are consistentincreased pHi (0.038 6 0.005 pH unit, N 5 6, P , 0.01)
with the view that the effect of DA is largely mediatedin DMEM plus NE, but not in HCO32-Ringer. We next
by the increase in intracellular cAMP via DA1 receptor.examined the effects of DA antagonists in DMEM plus
NE. In the presence of 10 mmol/L SCH 23390, a DA1
Functional modes of Na1:HCO32 cotransporterantagonist [33], 10 mmol/L DA failed to affect the rates
The fact that DA, SKF 38393, and cAMP inhibitedof pHi changes to bath HCO32 reduction (1.23 6 0.04
the activity of Na1:HCO32 cotransporter in DMEM plusvs. 1.25 6 0.05 pH unit/min, N 5 5, P 5 NS). On the
NE but not in HCO32-Ringer could be related to theother hand, 10 mmol/L DA reduced the rates of pHi
differences in functional modes of the cotransporter inchanges by 32 6 3.5% (N 5 5) in the presence of 10
mmol/L (2)-sulpiride, a DA2 antagonist [33]. In HCO3— these incubation conditions. To test for this possibility,
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Table 1. Comparison of initial HCO32 and Na1 fluxes in response
to half reduction of bath HCO32 concentration
dpHi /dt Ratio
Conditions pH unit/s JHCO32
a JNa1b JHCO32:JNa1
HCO32-Ringer 0.020 1.43 0.71 2.0
60.0017 60.14 60.05 60.13
N 8 8 8
DMEM 1 NE 0.021 1.51 0.49 3.1
60.0017 60.14 60.04 60.33
N 9 8 8
All data are calculated from measurements taken after 10 seconds after the
change in bath perfusate. Cell buffer capacity determined from the pHi response
to sudden change in bath CO2 tension was 71.3 6 4.0 mmol/L/pH unit (N 5 8)
in HCO32-Ringer, and 71.9 6 2.9 mmol/L/pH unit (N 5 8) in DMEM 1 NE.
a Initial fluxes of HCO32
b Initial fluxes of Na1
Regulation of Na1:HCO32 cotransporter in
Wistar-Kyoto and SHR rats
Because abnormalities in the renal dopaminergic sys-
tem have been reported in SHRs [2, 9–11], we next com-
pared the effects of DA on Na1:HCO32 cotransporter
in isolated PSTs from WKY and SHR. The results ob-
tained in tubules incubated in DMEM plus NE are sum-Fig. 6. Representative [Na1]i responses to half reduction of bath
HCO32. Low HCO32 solution (indicated as Low) was applied in HCO32- marized in Figure 7. DA (10 mmol/L), SKF 38393 (10
Ringer (A) and in DMEM plus NE (B).
mmol/L), and CPTcAMP (200 mmol/L) all inhibited the
Na1:HCO32 cotransporter in WKY. The percentage in-
hibition was 39 6 4% by DA (N 5 8), 26 6 4% by SKF
38393 (N 5 7), and 29 6 4% by CPTcAMP (N 5 7).
we determined the stoichiometric ratio of the cotrans- By contrast, the inhibitory effects of DA and SKF 38393
porter by comparing the initial changes in intracellular were completely absent in SHRs, although CPTcAMP
HCO32 and Na1 concentrations in response to the sud- did inhibit the cotransporter by 33 6 2% (N 5 7). Al-
den reduction of bath HCO32. This approach has been though DA, SKF 38393, and CPTcAMP all increased pHi
successfully applied to determine the stoichiometry of in WKY rats, only CPTcAMP increased pHi in SHRs, as
the cotransporter in rat tubules in vivo [24], as well as summarized in Table 2. When tubules were incubated
rabbit tubules in vitro [21]. The changes in cell HCO32 in HCO32-Ringer, DA and CPTcAMP had no effect on
concentrations were worked out from changes in pHi the rates of pHi changes and the steady-state pHi in both
WKY and SHR (N 5 6 for each experiment). In an(Fig. 4) and from measurements of cell buffer capacity.
attempt to clarify the functional modes of Na1:HCO32Figure 6 shows representative traces of [Na1]i changes
cotransporter in isolated rat tubules, we examined theto bath HCO32 reduction. As summarized in Table 1,
responses of the cotransporter to a carbonic anhydrasewe confirmed the differences in overall cotransport stoi-
inhibitor, acetazolamide (ACZ). When tubules were in-chiometry as proposed by Mu¨ller-Berger et al [26]. The
cubated in DMEM plus NE, 1 mmol/L ACZ, appliedstoichiometric ratio appeared to be 2 HCO32 to 1 Na1
only to low-HCO32 test solution, markedly reduced thein HCO32-Ringer but 3 HCO32 to 1 Na1 in DMEM
initial rates of pHi changes to bath HCO32 reduction inplus NE. To estimate a contribution of Cl2-dependent
both WKY and SHRs, as summarized in Figure 8. TheHCO32 transporters to the calculated HCO32 flux percentage inhibition was 47 6 3% (N 5 6) in WKY
(JHCO32) in DMEM plus NE, we again used the memory rats and 53 6 4% (N 5 6) in SHRs. In HCO32-Ringer,effect. The tubules were first incubated in DMEM plus however, ACZ had no effect on the initial rates both in
NE for 20 minutes, and the perfusate was changed to WKY (N 5 5) and SHR (N 5 5), as reported in rabbit
Cl2-free HCO32 solution containing NE. Within three tubules in vitro [35, 36]. Preincubation with ACZ for
to five minutes of the solution change, bath HCO32 con- three minutes in HCO32-Ringer did not change the re-
centrations or CO2 tensions were suddenly altered. The sults. Thus, our data indicate that after incubation in
JHCO32 thus calculated in the absence of Cl
2 was 1.31 6 DMEM plus NE the Na1:HCO32cotransporter in rat
0.2 mmol/L/s (N 5 7), suggesting that 87% of JHCO32 in tubules in vitro became susceptible to carbonic anhy-
drase inhibitors, as found in rat tubules in vivo [37]. ToDMEM plus NE is independent of Cl2.
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Fig. 8. Effects of acetazolmide (ACZ; 1 mmol/L) on the Na1:HCO32
cotransporter in WKY and SHRs. (A) Results in DMEM plus NE.Fig. 7. Effects of DA (10 mmol/L), SKF 38393 (SKF, 10 mmol/L), and
Numbers of observations are six in both WKY and SHRs. *P , 0.01CPTcAMP (cAMP, 200 mmol/L) on the Na1:HCO32 cotransporter in
compared with Cont. (B) Results in HCO32-Ringer. Numbers of obser-isolated rat tubules incubated in DMEM plus NE. (A) Results in WKY.
vations are five in both WKY and SHRs.(B) Results in SHRs. Numbers of observations are eight for DA, seven
for SKF, and seven for cAMP in both WKY and SHRs. *P , 0.01
compared with Controls.
rats and 35 6 3% (N 5 6) in SHRs. We also confirmed
that 1 nmol/L PTHs similarly inhibited the cotransporter
Table 2. Effects of dopamine (DA), SKF 38393, and CPTcAMP on
in WKY (by 16 6 2%, N 5 6) and SHRs (by 14 6 2%,pHi in isolated rat proximal straight tubule (PST) incubated in
DMEM plus norepinephrine (NE) N 5 6). On the other hand, when tubules were incubated
in HCO32-Ringer, 10 nmol/L PTHs had no effect on theDA SKF 38393 CPTcAMP
cotransporter in both WKY (N 5 6) and SHRs (N 5 6),Strains 10 mmol/L 10 mmol/L 200 mmol/L
as also shown in Figure 9.WKY 10.047a 10.038a 10.040a
60.006 60.005 60.004
N 8 7 7
SHR 20.001 10.001 10.041a DISCUSSION
60.003 60.003 60.006
Inhibition of Na1:HCO32 cotransporter by dopamineN 8 7 7
in rabbit proximal straight tubulesAll data are measured after a two-minute exposure to the agents, and are
expressed as mean 6 sem (pH unit). The marked reduction in steady-state [Na1]i in lumi-a P , 0.01 vs. steady state pHi.
nally collapsed rabbit PSTs after the incubation in
DMEM plus NE indicates that the activity of Na1,K1-
ATPase was adequately improved by this treatment as
reported [25]. The increase in [Na1]i by DA, however,see whether the abnormal response in the Na1:HCO32
could not be explained by the inhibition of Na1,K1-cotransporter of SHR is specific for the stimulation by
ATPase, because this response was not suppressed byDA, we finally examined the response of the cotrans-
ouabain. On the other hand, both the responses in [Na1]iporter to PTH. As shown in Figure 9, when tubules were
and pHi to DA were dependent on the presence ofincubated in DMEM plus NE, the cotransporter was
similarly inhibited by 10 nmol/L PTH in WKY and SHRs. CO2/HCO32. The pHi response to DA was not inhibited
by amiloride or Cl2 removal from the bath perfusate,The percentage inhibition was 35 6 3% (N 5 6) in WKY
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On the other hand, DA, SKF 38393, and CPTcAMP
failed to inhibit the Na1:HCO32 cotransporter in rabbit
PSTs incubated in HCO32-Ringer. Although one study
reported the inhibition of the Na1:HCO32 cotransporter
by cAMP [43], other studies [44, 45] also failed to show
the inhibitory effect of cAMP on the cotransporter in
isolated rabbit proximal convoluted tubules under the
conventional incubation conditions. One possible expla-
nation of these observations would be that the Na1:HCO32
cotransporter is less sensitive to DA or cAMP when the
cotransporter does not operate with the proper mode.
Mu¨ller-Berger et al have proposed that the incubation
of isolated proximal tubule in DMEM plus NE can
convert the stoichiometry of the cotransporter from 2
HCO32: 1 Na1 toward the 3 HCO32:1 Na1 , which was
confirmed by an independent approach in this study [26].
They have also shown that the combined treatment of
DMEM and NE is necessary for the almost full conver-
sion of stoichiometry [26], which could explain the ab-
sence of DA effect on pHi in tubules incubated in
HCO32-Ringer plus NE or in DMEM alone. Ideally, the
determination of stoichiometric ratio should have been
done in the absence of Cl2. Although this approach
was impossible in these experimental conditions using
DMEM, we confirmed that the contribution of Cl2-Fig. 9. Effects of parathyroid hormone (10 nmol/L) on the Na1:HCO32
cotransporter in WKY and SHRs. (A) Results in DMEM plus NE. dependent fluxes was rather small. At present, the under-
Numbers of observations are six in both WKY and SHRs. *P , 0.01 lying molecular mechanism for the change of stoichiome-compared with Cont. (B) Results in HCO32-Ringer. Numbers of obser-
try is unknown. However, it is interesting to note that thevations are six in both WKY and SHRs.
rat kidney Na1:HCO32 cotransporter, when expressed in
Xenopus oocytes, is recently shown to function with the
2 HCO32:1 Na1 stoichiometry [46]. Another possible
but was inhibited by DIDS. In addition, the rates of pHi explanation would be that the inhibition of the cotrans-
changes in response to bath HCO32 reduction, which porter by DA or cAMP may require a regulatory factor,
largely reflect the activity of Na1:HCO32 cotransporter, which is lost during the incubation in HCO32-Ringer but
as shown in the previous studies [27, 32] and confirmed can be recruited by the incubation in DMEM plus NE.
in this study, were significantly reduced by DA. These Irrespective of the exact underlying mechanism, our re-
results are consistent with the inhibition of Na1:HCO32 sults are consistent with a view that a background adren-
cotransporter by DA in DMEM plus NE. The pHi in- ergic activity is required for the natriuretic response to
crease by DA was also detected in luminally perfused DA, as shown by Ibarra et al [14].
tubules, where the inhibition of apical Na1/H1 exchanger
Regulation of Na1:HCO32 cotransporter in WKYby DA [15, 16] might have the opposite effect on pHi.
and SHR ratsThis finding may be related to the fact that pHi in proxi-
mal tubules is relatively insensitive to changes in the Previous studies have shown that the carbonic anhy-
activity of Na1/H1 exchanger [38]. Although the involve- drase inhibitors interfere with the Na1:HCO32 cotrans-
ment of DA2 receptor could not be completely excluded, porter only when the cotransporter operates with the 3
the responses to CPTcAMP and SKF 38393 and the HCO32:1 Na1 stoichiometry [23, 35237]. The marked
effects of SCH 23390 and (2)-sulpiride in DMEM plus inhibition by acetazolamide in this study, which is compa-
NE indicate that the inhibition of Na1:HCO32 cotrans- rable to the inhibition by ethoxzolamide in rat tubules
porter was largely mediated by the increase in intracellu- in vivo [37], therefore indicates that the tubular incuba-
lar cAMP through DA1 receptor. The presence of a tion in DMEM plus NE converted the stoichiometry of
cAMP-dependent protein kinase phosphorylation site Na1:HCO32 cotransporter from 2 HCO32:1 Na1 toward
in the recently cloned renal Na1:HCO32 cotransporter, 3 HCO32:1 Na1 in both WKY and SHRs, as demon-
NBC-1 [39241], supports this view. The inhibition of strated in rabbit. When incubated in DMEM plus NE,
the cotransporter by cAMP has been also reported in DA, SKF 38393, and CPTcAMP all inhibited the
Na1:HCO32 cotransporter in WKY. In SHRs, however,basolateral membrane vesicles [42].
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acid decarboxylase activity along the rat nephron. Am J PhysiolDA and SKF 38393 failed to inhibit the Na1:HCO32 258:F28–F33, 1990
cotransporter, although the inhibition by CPTcAMP was 6. Felder RA, Blecher M, Calcagno PL, Jose PA: Dopamine re-
preserved. On the other hand, PTH inhibited the co- ceptors in the proximal tubule of the rat. Am J Physiol 247:F499–
F505, 1984transporter similarly in WKY and SHRs, if tubules were
7. Hegde SS, Ricci A, Amenta F, Lokhandwala MF: Evidence from
incubated in DMEM plus NE. PTH has been reported functional and autoradiographic studies for the presence of tubular
to inhibit the cotransporter in rat tubules in vivo [47], dopamine-1 receptors and their involvement in the renal effects
of Fenoldopam. J Pharmacol Exp Ther 251:1237–1245, 1989but not in isolated rabbit tubules under the conventional
8. Huo T, Healy DP: Autoradiographic localization of dopamine
in vitro conditions [44]. These results suggest that the DA1 receptors in rat kidney with [3H]Sch 23390. Am J Physiol
failure of DA and DA1 agonist to inhibit the Na1:HCO32 257:F414–F423, 1989
9. Albrecht FE, Drago J, Felder RA, Printz MP, Eisner GM,cotransporter in SHR is not due to an abnormality in
Robillard JE, Sibley DR, Westphal HJ, Jose PA: Role of thethe cotransporter itself, but rather caused by the defect D1A dopamine receptor in the pathogenesis of genetic hypertension.
in DA1 receptor-second messenger signaling system in J Clin Invest 97:2283–2288, 1996
10. Felder RA, Seikaly MG, Cody P, Eisner GM, Jose PA: Attenu-this strain [2, 9–11]. The decreased ability of DA and
ated renal response to dopaminergic drugs in spontaneously hyper-DA1 agonists to stimulate adenylate cyclase activity in tensive rats. Hypertension 15:560–569, 1990
proximal tubules of SHR is detected as early as three 11. Kinoshita S, Sidhu A, Felder RA: Defective dopamine-1 receptor
adenylate cyclase coupling in the proximal convoluted tubule fromweeks of age; it is receptor, organ, and nephron segment
the spontaneously hypertensive rat. J Clin Invest 84:1849–1856,specific [11, 48, 49] and is considered to be an important 1989
pathogenic factor in hypertension of SHRs [2, 9]. The 12. Aperia A, Bertorello A, Seri I: Dopamine causes inhibition of
Na1-K1-ATPase activity in rat proximal convoluted tubule seg-blunted natriuretic response to exogenous and endoge-
ments. Am J Physiol 252:F39–F45, 1987nous DA in SHR [10] has been attributed to the reduced 13. Bertorello A, Aperia A: Inhibition of proximal tubule Na1-K1-
inhibitory effects of DA on the Na1/H1 exchanger and/ ATPase activity requires simultaneous activation of DA1 and DA2
receptors. Am J Physiol 259:F924–F928, 1990or the Na1,K1-ATPase [50, 51]. Because the Na1:HCO32
14. Ibarra F, Aperia A, Svensson LB, Eklo¨f AC, Greengard P:cotransporter is a major pathway for Na1-coupled Bidirectional regulation of Na1, K1-ATPase activity by dopamine
HCO32 efflux from renal proximal tubules [32], our re- and an a-adrenergic agonist. Proc Natl Acad Sci USA 90:21–24,
1993sults suggest that the dysregulation of Na1:HCO32 co-
15. Felder CC, Campbell T, Albrecht F, Jose PA: Dopamine inhibitstransporter may be also involved in the blunted natri-
Na1-H1 exchanger activity in renal BBMV by stimulation of aden-
uretic response to DA in SHRs. ylate cyclase. Am J Physiol 259:F297–F303, 1990
16. Gesek FA, Schoolwerth AC: Hormonal interactions with theIn summary, this study for the first time revealed that
proximal Na1-H1 exchanger. Am J Physiol 258:F514–F521, 1990DA inhibited the renal proximal Na1:HCO32 cotrans- 17. Bello-Reuss E, Higashi Y, Kaneda Y: Dopamine decreases fluid
porter. This effect could be involved in the natriuretic reabsorption in straight portions of rabbit proximal tubule. Am
J Physiol 242:F634–F640, 1982action of DA, but was lost in SHRs probably because
18. Kaneda Y, Bello-Reuss E: Effect of dopamine on phosphateof the defect in the DA1 receptor-signaling system. reabsorption in isolated perfused rabbit proximal tubules. Miner
Electrolyte Metab 9:147–150, 1983
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